Tumor hypoxia regulates many cytokines and angiogenic factors (CAF) and is associated with worse prognosis in head and neck squamous cell cancer (HNSCC). Serum CAF profiling may provide information regarding the biology of the host and tumor, prognosis, and response to therapy. We investigated 38 CAFs in HNSCC patients receiving induction therapy on a phase II trial of carboplatin, paclitaxel, and cetuximab. CAFs were measured by multiplex bead assay and enzyme-linked immunosorbent assay in 32 patients. Baseline and postinduction CAF levels were correlated with disease progression (PD) and human papilloma virus (HPV) status by Wilcoxon rank sum test. Baseline levels of eight hypoxia-regulated CAFs (the "high-risk signature" including vascular endothelial growth factor, interleukins 4 and 8, osteopontin, growth-related oncogene-α, eotaxin, granulocyte-colony stimulating factor, and stromal cell-derived factor-1α) were associated with subsequent PD. Elevation in ≥6 of 8 factors was strongly associated with shorter time to progression (P = 0.001) and was 73% specific and 100% sensitive for PD. Increasing growth-related oncogene-α from baseline to week 6 was also associated with PD. Progression-free and overall survival were shorter in patients with HPV-negative tumors (P = 0.012 and 0.046, respectively
Introduction
Annually, 47,500 people present with new HNSCC in the United States (1) , and 30% to 40% of patients will relapse within 2 to 3 years following traditional therapy with radiation or chemoradiation (2) . A significant subset of HNSCC tumors have hypoxic regions (3) , which are an independent predictor of poor outcome after radiotherapy or combined treatments (4) (5) (6) . The downstream effects of tumor hypoxia on hypoxia-inducible factor-1α (HIF1α) activation and angiogenesis may contribute to resistance to radiation and to the epidermal growth factor receptor (EGFR) inhibitor cetuximab (7, 8) .
In vitro studies suggest that 1% to 1.5% of all genes are hypoxia regulated, many of which are part of signaling pathways that promote cancer proliferation, angiogenesis, and progression (4) . Recently, Harris et al. identified a 99-metagene signature of tumor hypoxia that correlates with clinical outcome in HNSCC patients (9, 10) . Because many cytokines and angiogenic factors (CAF) are hypoxia regulated, we hypothesized that a profile of serum CAFs would correlate with clinical outcome. Earlier studies have suggested a potential role for blood-based biomarkers in detecting HNSCC among high-risk patients (11) (12) (13) (14) and as independent predictors of poor outcome in HNSCC (15, 16) . More recently, Allen et al. observed that increasing levels in five NF-κB-modulated cytokines [interleukin (IL)-6 and IL-8, vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), or growth-related oncogene-α (Gro-α)] were associated with shorter cause-specific survival (16) . Because hypoxia can modulate secreted proteins through multiple pathways, we investigated a broad panel of 38 CAFs in patients receiving induction therapy for locally advanced HNSCC. In addition, because human papilloma virus (HPV)-positive tumors have better clinical outcomes and seem to have a distinct biology from HPV-negative tumors (17) (18) (19) , we also investigated whether HPV status affects a patient's CAF profile.
Blood-based biomarkers are practical for monitoring during and after treatment. Furthermore, serum factors also reflect the contribution of the microenvironment and host immune response to the behavior of HNSCC, unlike techniques that directly assess only the tumor cells.
In this study, we used multiplex bead assay and enzyme-linked immunosorbent assay (ELISA) to perform an exploratory analysis of 38 CAFs in serum from patients treated on a phase II induction chemotherapy trial (20) . We identified eight baseline CAFs that were individually associated with outcome. The association was even stronger when they were combined together into a "highrisk" signature. Although individual CAF levels were not associated with HPV status, elevations in high-risk CAFs were observed in HPV-negative patients with subsequent progressive disease (PD).
Materials and Methods
Induction chemotherapy study design and treatment outcome Forty-seven previously untreated patients (33 male, 14 female) with advanced nodal disease (T [1] [2] [3] [4] A majority of patients enrolled had oropharyngeal primary tumors (n = 42). Local therapy following chemotherapy was risk based, with baseline T 1-2 tumors receiving radiation alone (or surgery in one patient with oral primary) and T 3-4 tumors receiving concurrent chemoradiation. Neck dissection was done in nine patients with residual metastasis after locoregional treatment. Written informed consent was obtained from each patient after approval of the study by The University of Texas M.D. Anderson Cancer Center Institutional Review Board.
Following induction therapy, but before local therapy, patients were evaluated for clinical and radiographic response in the primary tumor and regional lymph nodes. Nine (19%) of 47 patients had an overall clinicoradiographic complete response, 36 (77%) had a partial response, and 2 (4%) had stable disease. Complete response was more common in never smokers (38.9%) versus former (12.5%) or current smokers (0%).
Patients were followed every 3 months for routine surveillance. At a minimum follow-up of 2 years (median, 33 months), six patients have had PD (two local; one local and distant; two regional and distant; and one distant).
Four of these patients died of HNSCC; two are without evidence of disease following salvage surgery. The remaining 41 patients (87%) are alive without evidence of disease.
Serum collection and preparation for CAF analysis
Baseline serum was collected within 1 week of starting induction therapy. Serum was also collected in 26 of 32 patients at the end of induction chemotherapy but before definitive treatment. Peripheral blood samples were collected by routine venipuncture technique and allowed to coagulate for 30 to 60 minutes. Samples were centrifuged for 10 to 15 minutes at 1,000 × g to separate serum, which was then frozen and stored at −70°C to −80°C.
Multiplex bead assay and ELISA
Thirty-eight CAFs were measured by multiplex bead assay (36 factors) or ELISA (2 factors). These included hypoxia-induced factors, chemokines, interleukins, angiogenic factors, apoptosis mediators, and hematopoietic growth factors ( Mol Cancer Ther; 9(6) June 2010 Molecular Cancer Therapeuticsmicrospheres identified by a unique ratio of two fluorescent dyes to measure up to 100 biomolecules simultaneously. Performance characteristics are comparable with ELISA (21, 22) , but these assays are less expensive and require less blood because of the multiplexed analysis (up to 50 biomarkers can be measured from 200 μL serum). CAF concentrations were calculated based on a standard curve derived by performing six serial dilutions of a protein standard in assay diluent. Serum samples were tested in duplicate, and the mean value was used for analysis. If the mean of the duplicate values for all factors in an individual sample varied by >25%, the sample was retested. Individual factors were excluded from analysis if ≥50% of the samples were out of range or extrapolated. When out-of-range values were included in the analysis, the highest value (measured or extrapolated) across all samples was substituted for values above the upper limit of detection. For values below the lower limit of detection, half the lowest value was substituted. ELISA was used to measure insulin-like growth factor-I (Diagnostic Systems Laboratories, Inc.) and osteopontin (R&D Systems) according to the manufacturers' instructions. Both analytes were measured in duplicate, and the mean value was used for analysis.
Human papilloma virus
Tumor specimens from 26 of 47 patients were available for HPV DNA detection by in situ hybridization. Formalin-fixed paraffin-embedded tissue sections, 4 μm thick, were evaluated by in situ hybridization for HPV nucleic acids using the automated BenchMark per the manufacturer-recommended protocol (Ventana). 
Immunohistochemistry for EGFR
Immunohistochemistry was done on pretreatment tumor biopsies. Formalin-fixed paraffin-embedded tissue histology sections (5 μm thick) were deparaffinized, hydrated, and heated in a steamer for 30 minutes with Dako Target Retrieval (pH 6.0), for antigen retrieval (Dako North America, Inc.). Peroxide blocking was done with 3% H 2 O 2 in methanol at room temperature for 15 minutes, followed by 10% fetal bovine serum in TBS-T for 30 minutes.
Slides were incubated with primary antibody against EGFR (total) clone:31G7 Zymed (Invitrogen, a division of Life Technologies Corporation) 1:100 at room temperature for 90 minutes and then probed for 30 minutes with the secondary antibody Envision Dual Link Plus (Dako). Staining was developed with 0.05% DAB+ (Dako) and counterstained with hematoxylin. Tumor staining for EGFR was quantified using a four-value intensity score (0, 1+, 2+, or 3+).
Statistical analysis
Progression-free survival and overall survival were calculated from the first day of induction therapy. Fisher's exact test was used to assess the relationship between clinicopathologic features and PD. For baseline CAF analyses, CAF levels were log transformed (base 2) before analysis, and Wilcoxon rank sum test was used to compare CAF expression between patients with and without PD. For these exploratory analyses, a P value of ≤0.05 was considered significant. The eight CAFs differentially expressed between these two groups were then combined into a high-risk signature. The median of each CAF was used as the cutoff value for dichotomizing each marker. Using log-rank analysis, we compared progression-free survival in signature-positive patients (6-8 high-risk markers above the median) versus signature-negative patients (≤5 high-risk markers above the median). For modulation analysis, fold change from baseline to cycle 6 was compared by Wilcoxon rank sum test for each CAF in patients with and without PD. Unsupervised hierarchical clustering was done on log-transformed, mean-centered baseline CAF levels using Cluster and TreeView software (Eisen Lab) as previously described to identify subsets of patients with similar baseline CAF profiles. All statistical analyses were done using SAS v9.2.0 (SAS Institute, Inc.) and graphed using the GraphPad Prism software v5.02 (GraphPad Software, Inc.).
Results

Clinical and pathologic comparison of patients with progression
Of the 47 clinical trial patients, 32 (including all six with PD) had baseline serum for CAF profiling and were included in biomarker analysis. There were no significant differences in demographics (sex, gender, race, smoking status) or baseline clinical characteristics (tumor differentiation, T stage, N stage, primary tumor location) between patients with and without biomarker data (P ≥ 0.17 for all clinicopathologic variables by Fisher's exact t test).
Among the 32 patients available for CAF analysis, 20 (63%) were male and 19 (59%) were current or former smokers. All had locally advanced HNSCC, but there was a higher frequency of T 1-2 disease than T 3-4 (21 patients versus 11). A majority of patients had oropharyngeal primary tumors (n = 27). N 2B was the most common nodal stage (n = 21).
All patients had complete response, partial response, or stable disease following induction. Since completing definitive local therapy, 6 of the 32 patients have had disease progression. PD was associated with older age (P = 0.049), higher T stage (P = 0.003), and HPV-negative tumors (P = 0.008; Table 2 ). PD was not associated with response to induction, as two of six patients with PD had had complete response, three of six partial responses, and one of six stable disease immediately following chemotherapy. Qualitative EGFR levels by immunohistochemistry were not significantly correlated with stage, clinicoradiographic response, or disease progression.
Baseline serum CAFs associated with subsequent HNSCC progression
Baseline CAF levels (log 2 ) were compared between patients with (n = 6) and without (n = 26) PD by Wilcoxon Byers et al.
Mol Cancer Ther; 9(6) June 2010 Molecular Cancer Therapeuticsrank sum test. Eight CAFs were significantly higher in patients who later progressed (P ≤ 0.05). These were VEGF, Gro-α, IL-4, IL-8, osteopontin, eotaxin, granulocyte colony-stimulating factor, and stromal cell-derived factor-1α (SDF-1α; Table 3 ; Fig. 1 ). Eotaxin and osteopontin levels were most strongly associated with PD (P = 0.016 and 0.021, respectively). Among these eight markers, there was a trend toward higher osteopontin levels in current smokers (median 3.8 pg/mL, range 0-6.2) versus never smokers or former smokers (median 2.3 pg/ mL, range 0-5.3), although this was of borderline significance (P = 0.073 by Wilcoxon rank sum test). High-risk baseline CAF signature predicts PD We examined whether the combination of the eight CAFs that were differentially expressed at baseline into a high-risk signature would be more sensitive or specific for disease progression. For each patient, the numbers of CAFs in the high-risk signature that were above the median (across all baseline samples) was counted. PD was not seen in any patient with ≤5 high-risk CAFs above the median. However, among patients with 6 to 8 elevated high-risk CAFs, 6 of 13 (47%) of patients had PD (Fig. 2A) . Elevation in 6 to 8 high-risk CAFs was 73% specific and 100% sensitive for PD. As expected, time to progression was also longer in patients with ≤5 elevated high-risk CAFs, as assessed by the log-rank test (P = 0.001; Fig. 2B ).
Longitudinal increase in CAFs associated with PD
Previously, Allen et al. found that longitudinal changes in five NF-κB-mediated cytokines and growth factors (IL-6, IL-8, VEGF, HGF, and Gro-α) predicted worse outcome in patients with advanced or metastatic HNSCC (16) . Here, we measured fold change of these and other factors from baseline to completion of induction therapy (6 weeks). CAF levels were available at both time points for 26 patients, including 4 who ultimately developed PD. As with the Allen et al. study, patients with PD had a significantly greater increase from baseline to cycle 6 in Gro-α (P value = 0.015). There was also a significant increase in βNGF (P = 0.039) and borderline significant increase in MCP3 (P = 0.053). There was no significant modulation of the other CAFs.
High-risk CAFs increased in HPV-negative patients with PD
Because all six progression events were in patients with HPV-negative tumors, we investigated whether CAF levels were either surrogates for HPV status or if they might add prognostic information beyond HPV status. HPV status was available for 26 of 32 patients with CAF profiles, of whom 12 (46%) were HPV positive and 14 (54%) HPV negative. No individual CAF was associated with HPV status.
We then performed hierarchical clustering of baseline CAF levels across all 32 patients and evaluated HPV between clusters. Clustering separated the patients into two distinct groups (11 patients in cluster 1; 21 in cluster 2; Fig. 3 ). Cluster 2 was characterized by higher levels of hypoxia-associated markers and contained all six patients with PD. However, there was a similar number of HPV-positive and HPV-negative patients in each cluster (Fig. 3) , further suggesting that CAF expression was not primarily HPV driven.
High-risk CAF signature associated with PD among HPV-negative patients Next, we evaluated whether individual CAF levels were different between six HPV-negative patients with PD and eight without. Osteopontin was statistically higher in HPV-negative patients with PD (P = 0.04). Gro-α (P = 0.06), IL-8 (P = 0.08), and VEGF (P = 0.08) were also elevated in HPV-negative patients with PD, although these did not reach statistical significance, possibly due to the small sample size.
Among the 14 HPV-negative patients, 8 were signature-positive (six to eight high-risk CAFs elevated), 6 of whom had PD. This suggests that the combination of the CAF high-risk signature with HPV status identifies patients at risk for PD beyond that of HPV status alone. Of note, there was no statistically significant association between smoking status and levels of high-risk CAFs among HPV-negative patients.
Discussion
The availability of multiplexing technologies now permits the simultaneous assessment of large numbers of biologically relevant proteins, such as cytokines, angiogenic factors and receptors, and soluble markers of hypoxia and immune activity using small amounts of serum or plasma. In this investigation, we studied serum biomarkers from a cohort of patients with locally advanced HNSCC from a phase II trial of induction therapy followed by definitive locoregional treatment. To our knowledge, this is the largest panel of serum markers to be studied in locally advanced HNSCC by multiplex bead analysis, and the only study in the setting of induction chemotherapy.
Our CAF analysis identified eight individual serum markers (VEGF, IL-4, IL-8, Gro-α, SDF-1α, granulocyte colony-stimulating factor, osteopontin, and eotaxin) higher in patients with subsequent PD. One of these (Gro-α) continued to increase longitudinally from baseline to week 6 to a greater extent in patients with PD. The combination of these 8 CAFs into a high-risk signature correlated better with PD than any individual CAF. Specifically, no patient with ≤5 elevated high-risk CAFs had PD, compared with PD in 6 of 13 patients with 6 to 8 high-risk CAFs. The combination of HPV negativity with high-risk serum CAF status further discriminated patients at greatest risk for PD than either one alone. This may reflect a difference in the biology of HPV-negative tumors or may be the result of the higher incidence of recurrence among this population.
Although this was an exploratory analysis, the results suggest that blood-based biomarkers may have a role as prognostic markers, beyond what is provided by currently available clinical or pathologic features. In this study, only age, T stage, and HPV-negative status were associated with a worse clinical outcome. Consistent with other studies, EGFR did not predict response or outcome, although there was a trend for patients with 3+ staining for EGFR to have shorter disease-free survival and overall survival despite treatment with cetuximab (23) .
Among the individual CAFs associated with a worse prognosis, several have previously been associated with angiogenesis, tumorigenesis, and metastasis in HNSCC and other cancers (24) (25) (26) (27) (28) . Among these, VEGF and IL-8 are the transcription products of genes included in the Harris metagene hypoxia signature, and SDF-1α is the ligand of a receptor (CXCR4) in the signature (10) . The elevation of these factors in parallel suggests that we are able to detect the downstream effects of hypoxia in patient serum. , and all six patients with PD are in cluster 2, which is characterized by higher levels of hypoxia-associated factors, as indicated in the figure. There is no association between HPV status and clusters. See Table 1 legend for definitions of abbreviations.
Induction chemotherapy has been shown to decrease metastatic disease in HNSCC patients with locally advanced disease and is being studied in prospective randomized trials (29) (30) (31) . However, previous studies have shown a correlation between EGFR inhibitor resistance and the upregulation of hypoxia-induced signaling by HIF1α and increased tumor angiogenesis, both of which are downstream effects of tumor hypoxia (7, 8) . Therefore, our observation that patients with high levels of hypoxia-associated factors were more likely to relapse following induction therapy that included cetuximab may reflect the role of tumor hypoxia in therapeutic resistance and may be particularly relevant for regimens containing EGFR inhibitors.
Unlike the study of Allen at al. (16) , which showed an association between low VEGF and shorter survival, in our study, patients with elevated VEGF were more likely to have PD. Both studies observed an association between increasing Gro-α and PD, although we did not see an increase in other NF-κB factors as they had observed. This discrepancy may be due to the different time course over which we assessed change in CAFs (6 weeks in our study versus 3-month intervals in theirs), differences in therapy, or small sample sizes. In addition, because all of the progression events occurred months to years after the end of induction therapy, it may have been too early to observe an increase in CAFs associated with PD. Because many of the CAF markers in the study can be modulated by inflammation and immune response, it is also possible that CAF levels were additionally influenced by hypoxia-independent mechanisms.
We believe that these results support further investigation of CAF profiling to predict clinical outcome in HNSCC patients and as a possible tool for surveillance, particularly among HPV-negative patients. In addition, CAF profiling would be a more practical tool for assessing tumor hypoxia than direct intratumoral measurement (6) and more accurate than indirect techniques such as immunohistochemistry of CA9 and HIF1α (32, 33) . This is particularly true because CAF profiling is less invasive than direct tumor biopsy and, therefore, could be assessed longitudinally in the clinical setting with less morbidity and expense. Although this is a small, exploratory analysis, it shows the potential strength of blood biomarker profiling as a clinical tool for risk-stratifying patients. In addition, some of the serum markers in our high-risk signature could be targeted directly (e.g., VEGF, IL-4, and IL-8) or indirectly (e.g., Gro-α through inhibition of its receptor, CXCR2) by new targeted agents and may suggest a rationale for testing these drugs in patients with advanced HNSCC. We plan to validate our findings in an independent group of patients enrolled on a randomized, phase II trial of this induction regimen. The goal will be to validate the high-risk signature for its prognostic ability as well as to explore its predictive value. 
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